A wide range of fiber types was tested in two in vitro assays: toxicity to A549 epithelial cells, as detachment from substrate, and the production of the proinflammatory cytokine tumor necrosis factor (TNF) by rat alveolar macrophages. Three of the fibers were also studied in vivo, using short-term inhalation followed by a) bronchoalveolar lavage to assess the inflammatory response and b) measurement of cell proliferation in terminal bronchioles and alveolar ducts, using incorporation of bromodeoxyuridine (BrdU). The amount of TNF produced by macrophages in vitro depended on the fiber type, with the man-made vitreous fibers, and refractory ceramic fibers being least stimulatory and silicon carbide (SiC) whiskers providing the greatest stimulation. In the epithelial detachment assay there were dose-dependent differences in the toxicity of the various fibers, with long amosite being the most toxic. However, there was no clear relationship to known chronic pathogenicity. Fibers studied by short-term inhalation produced some inflammation, but there was no clear discrimination between the responses to code 100/475 glass fibers and the more pathogenic amosite and SiC. However, measurements of BrdU uptake into lung cells showed that amosite and SiC produced a greater reaction than code 100/475, which itself caused no more proliferation than that seen in untreated lungs. These results mirror the pathogenicity ranking of the fibers in long-term experiments. In conclusion, the only test to show potential as a predictive measure of pathogenicity was that of cell proliferation in lungs after brief inhalation exposure (BrdU assay). We believe that this assay should be validated with a wider range of fibers, doses, and time points. Environ Health Perspect 1 05(Suppl 5):1 235-1 240 (1997) 
Introduction
The association between exposure to asbestos and development of lung disease is well documented, and the cellular mechanisms whereby asbestos causes these effects are partially understood (1, 2) . There is concern that other industrial materials, such as refractory fibers, vitreous fibers, and insulation wools, which generate respirable airborne fibers may also be harmful. The relative potency of these fibers to cause lung disease in comparison with asbestos has been the subject of much research and continues to be controversial (3) (4) (5) . Long-term animal inhalation studies probably provide the most reliable prediction of the hazards of a particular fiber type. However, such tests are time consuming and expensive; therefore, alternative shorter testing regimes have been studied in the hope that they may predict long-term pathogenicity. We have examined other such shorter assays to determine if they can discriminate between fibers of differing pathogenicity. We present here the results from two in vitro assays and from a short-term in vivo inhalation study.
A wide range of fiber types was assessed in two in vitro assays: production of the proinflammatory cytokine tumor necrosis Abbbreviations used: BAL, bronchoalveolar lavage; BrdU, 5'-bromo-2'-deoxyuridine; BSA, bovine serum albumin; MMVF, man-made vitreous fiber(s); RCF, refractory ceramic fiber(s); SiC, silicon carbide; TIMA, Thermal Insulation Manufacturers Association; TNF-a, tumor necrosis factor alpha.
factor alpha (TNF-x) and injury to cells of the alveolar epithelial cell line A549. We selected TNF-x for measurement as it is important in initiating a range of proinflammatory processes, and because it is important in the development of pathology in lungs exposed to asbestos or quartz (6, 7) . Alveolar epithelial cells are primary targets for toxic effects of fibers deposited in the lung, and loss of epithelial integrity is an important event leading to inflammation. Accordingly, we assessed the effects of fibers on epithelial cell adherence in vitro.
For the in vivo study we used bronchoalveolar lavage (BAL) and a measure of lung cell proliferation to assess the lung response to short inhalations of three selected fiber types. Recruited inflammatory cells, measurable in lavage, are able to release mitogenic cytokines and cause injury to the epithelium, which eventually could lead to epithelial hyperplasia, a starting point for pathological change. Measurement of protein in lavage fluid provides an index of epithelial integrity (8) . Proliferation is important in the normal maintenance of tissue structure, but increased cell proliferation is key to the development of fibrosis and the clonal expansion of mutated cells leading to cancer. Increases in the proliferative activity of cells in the lungs of rats exposed to chrysotile asbestos fibers have been described in detail by Brody and his associates (9, 10) .
The results of this study are discussed in terms of the pathogenicities of the fibers, known from published long-term animal studies (3, (11) (12) (13) (14) .
Materials and Methods

Test Fibers
The fibers used in vitro were a) amosite and crocidolite asbestos; b) special purpose code 100/475 and code 104E glass fibers; c) two 
Bronchoahveolar lavage
After sacrifice, the thoracic cavity was opened, the trachea was cannulated, and the lungs were removed and sequentially lavaged with four 8-ml aliquots of saline at 37°C. Cells were recovered from lavage fluid by centrifugation, pooled from the four aliquots, and resuspended in F-10 medium (Gibco, Paisley, UK), containing 0.2% bovine serum albumin (BSA) (Sigma Chemical Co., Poole, Dorset, UK). Total cell counts were made, and cytocentrifuge smears were prepared and stained with Diffquick ( Additional groups of three rats (four for long amosite) were exposed by inhalation for 1 day and were given an ip injection of 5'-bromo-2'-deoxyuridine (BrdU) (20 mg/kg) 2 hr before sacrifice. BrdU is incorporated into the nuclei of dividing cells and can be detected by immunohistochemical staining in 5-pm sections cut from six levels through the lung (apex to base) (17) .
Results were determined with an image analysis system and expressed as the number of positive staining cells per millimeter length of terminal bronchiolar/alveolar duct perimeter (17) .
StaitcAnalys
The TNF-a data were analyzed by analysis of variance on the log scale, to investigate the significance of fiber effects and to estimate means and standard errors. Data Each of the fiber types caused some inflammation, as shown by the significantly increased proportions of granulocytes (principally neutrophils) among the recovered cells. Compared to the code 100/475 microfiber group, animals exposed to long amosite had a greater early response, although SiC produced the greatest response on average. There were no consistent differences between the fibers, nor any convincing trends with length of exposure. To summarize, although changes with time in total cell and granulocyte numbers were not consistent across the three fiber types, brief inhalation exposure to each of the fibers did result in inflammatory lung responses.
A similar lack of pattern was observed in the levels of protein in the lavage fluid. Although exposed animals had higher average levels than the controls, again there was little evidence of trends with length of exposure, nor consistent differences between fiber types.
Cell Proliferation in Terminal Bronchiolar/Alveolar Ducts after Short-term Inhalation Table 7 . This summary is shown graphically in Figure 1 , which displays both the fiber type and lung level effects as constant differences on a logarithmic scale.
Discussion
The processes of inflammation and epithelial cell injury with consequential cell proliferation may be important in the development of disease associated with the inhalation of fibers (1, 2, 6, 9, 14, 20) . Evidence is emerging from both in vitro (21, 22) and in vivo (14, 23) studies that SiC whiskers can be as toxic as asbestos fibers. In this study we examined a number (20) . We have confirmed our earlier finding (25) that SiC whiskers are very active in stimulating TNF-ax. It is interesting that the two asbestos fibers are also highly ranked for TNF-ax production. This assay may be able to discriminate markedly pathogenic fibers such as SiC and amosite asbestos from the other fibers, but it is not sufficiently sensitive to separate the MMVF from the RCF. No attempt was made to determine whether there was differential phagocytosis of the fiber types by macrophages. This might affect the amounts of TNF-ax produced.
The A549 epithelial cell detachment assay demonstrated the in vitro toxic effects of asbestos fibers as shown previously by the authors (26) and others (27) using similar dose ranges. However, the results reported here indicate that in vitro toxicity assays are not appropriate models of fiber pathogenesis, a conclusion reached in another study (28) of a wide range of fiber types.
In the short-term inhalation experiments, all three fiber types caused recruitment of inflammatory cells and increased concentrations ofprotein in lavage fluid. The granulocyte response, commonly taken as a measure of inflammation, showed a different pattern of dependence on exposure time for each fiber type. Protein in lavage fluid showed no clear differences between fiber types.
Overall, short-term measures of inflammation did not correlate with pathogenicity. Recent work by Warheit and colleagues (29, 30) suggests that better discrimination between fibers can be achieved by studying persistence of inflammation at intervals after cessation of exposure. This may be a fruitful area for further investigation.
Bronchiolar/alveolar deposition of fibers results in increased proliferation in the epithelial and interstitial cells in the lung (10, 31, 32) . In our study the proliferative response to code 100/475 was no greater than that in unexposed control animals, whereas amosite and SiC both produced significant increases in proliferation. In a concurrent study (14) , we showed that deposition, in terms of the numbers of fibers greater than 10 pm recovered from lungs at the end of a 12-month inhalation at 1000 fibers/ml, was roughly equivalent for the three fiber types. However, the code 100/475 microfiber differed from long amosite and SiC in the very high numbers of fibers that were less than 5 pm in length.
It is likely that the deposition patterns would have been similar in the short-term inhalation study. In addition, dust aerosols for the three fiber types contained similar numbers of long fibers (by phase contrast optical microscopy), and thus, cell proliferation in lungs cannot simply be due to differences in deposition or the numbers of long fibers.
In conclusion, the only test to show promise as a predictive measure of pathogenicity was that of cell proliferation in lungs after brief inhalation exposure (BrdU assay). We believe that this assay should be validated with a wider range of fiber types, doses, and time points.
